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Ca
2+
-triggered fusion of synaptic vesicles is mediated by soluble N-ethylmaleimide sensitive factor (NSF) attachment protein receptors (SNAREs) and is restricted to release sites called active zones (Couteaux and Pé cot-Dechavassine, 1970; Sü dhof, 2012) . The active zone is a highly organized structure that docks synaptic vesicles close to release machinery and presynaptic Ca 2+ channels ( Figure 1A ). This establishes the tight spatial organization required for fast synaptic vesicle fusion upon Ca 2+ entry,
and it provides molecular machinery to set and regulate synaptic strength (Kaeser and Regehr, 2014) . Functionally, synaptic strength is determined by two parameters that are controlled at the active zone. First, only a subset of vesicles can be released upon arrival of an action potential. This pool of vesicles is generated through a priming reaction and is called the readily releasable pool (RRP). Second, an action potential releases RRP vesicles with a certain probability, called vesicular release probability (P). Synaptic strength, the amount of release from a given synapse, is proportional to the product of RRP and P (Zucker and Regehr, 2002) . The active zone matrix consists of multi-domain proteins that control RRP and P, and their localization is restricted to the presynaptic plasma membrane area opposed to the postsynaptic density (PSD). These proteins include RIM, ELKS (also known as ERC/CAST/Rab6IP2), Munc13, Bassoon/Piccolo, RIM-BP, and Liprin-a (Schoch and Gundelfinger, 2006; Sü dhof, 2012) . Many additional proteins, including SNAREs, ion channels, receptors, cytoskeletal proteins, and adhesion molecules, are also present (Boyken et al., 2013; Morciano et al., 2009; Mü ller et al., 2010) but are not restricted to the active zone matrix. Removing individual proteins of the active zone matrix has effects on release that vary in extent, and there are differences between synapses in vertebrates, C. elegans, and D. melanogaster in the reliance on specific active zone proteins (Acuna et al., 2015; Kaeser et al., 2011; Kittel et al., 2006; Koushika et al., 2001; Liu et al., 2014 Liu et al., , 2011 Mü ller et al., 2012) . At vertebrate synapses, release strongly depends on synaptic vesicle priming activities of Munc13s such that loss of Munc13 leads to loss of all fusion competent vesicles (Augustin et al., 1999; Varoqueaux et al., 2002) . RIMs contribute to priming through anchoring and activation of Munc13 (Andrews-Zwilling et al., 2006; Betz et al., 2001; Deng et al., 2011; Lu et al., 2006) , and they tether primed vesicles to presynaptic Ca 2+ channels to enhance release probability (Han et al., 2011; Kaeser et al., 2011 Kaeser et al., , 2012 . ELKS (Held et al., 2016; Kaeser et al., 2009; Liu et al., 2014) , Bassoon/Piccolo (Davydova et al., 2014; Hallermann et al., 2010) , and RIMBPs (Acuna et al., 2015) are also present, but knockouts for these proteins show milder impairments in release. The domain structure and the in vitro interactions of RIM, ELKS, and Bassoon/Piccolo further predicted strong scaffolding roles (Schoch and Gundelfinger, 2006; Sü dhof, 2012) , but except for a partial loss of Munc13 in RIM knockout mice (Schoch et al., 2002) or of RIM-BP in Bassoon knockout mice (Davydova et al., 2014) , the active zone protein complex was intact in knockout mice for individual protein families (Davydova et al., 2014; Deng et al., 2011; Held et al., 2016; Liu et al., 2014) . Together with the notion that synaptic vesicle docking and fusion are spatially restricted to the active zone, these studies led to the hypothesis that the active zone is required to PxxP motif SH3 synaptic a n n n na a a s sy s n n n n yn n n n s sy yn y y y y y yn y yn n n n n y y y y y y yn y y y y y y yn n y y y y yn n n n nap p p pt p p p c tic i tic p p p p pt pt t ti pt t p p p p p pt t t t ti ti pt p p p p p p translate the incoming action potential into neurotransmitter release (Schoch and Gundelfinger, 2006; Sü dhof, 2012) .
Synaptic vesicle tethering and docking are thought to precede fusion and have been studied using various methods and definitions. Docking is often defined as synaptic vesicles that are attached to the plasma membrane in electron microscopic images of glutaraldehyde-fixed tissue such that the electron densities of the vesicle membrane and target membrane merge (Acuna et al., 2015; Augustin et al., 1999; Bronk et al., 2007; Han et al., 2011; Kaeser et al., 2011) . Using glutaraldehyde fixation, only RIMs participate in synaptic vesicle docking without affecting total numbers of synaptic vesicles in a nerve terminal (Augustin et al., 1999; Bacaj et al., 2015; Bronk et al., 2007; Kaeser et al., 2011) . Recently, the use of high-pressure freezing and tomography have allowed for distinction of tight vesicle docking with a resolution of a few nanometers. This has led to the discovery that SNARE proteins and Munc13 contribute to the tight attachment of synaptic vesicles to the presynaptic plasma membrane. Their genetic removal leads to a loss of tightly docked vesicles when observed in high-pressure frozen tissue (Imig et al., 2014; Siksou et al., 2009) , but these phenotypes are too subtle to be uncovered using glutaraldehyde fixation (Augustin et al., 1999; Bronk et al., 2007) . Overall, there is a good correlation between the number of docked vesicles observed with either fixation method, the size of the active zone, and the size of the RRP, which suggested, along with the observation that docked vesicles fuse upon stimulation, that docked vesicles are the RRP (Holderith et al., 2012; Imig et al., 2014; Rosenmund and Stevens, 1996; Schikorski and Stevens, 2001; Watanabe et al., 2013) . Here, we measure the RRP as vesicles that are released by the application of hypertonic sucrose, and we assume that the same vesicles are accessible to action potentials although differences may exist (Rosenmund and Stevens, 1996; Schikorski and Stevens, 2001; Thanawala and Regehr, 2016; Zucker and Regehr, 2002) . We use the term ''fusion competent'' for vesicles in the RRP and vesicles that are released through spontaneous miniature events (Augustin et al., 1999) .
To date, no knockout mutation has led to a strong structural disruption of the vertebrate active zone matrix. We set out to generate such a mutation with the goal to test whether the active zone is necessary for the structural assembly of synapses, whether it is required for fusion, and how it participates in setting RRP size and P. We produced conditional mouse mutants to simultaneously remove all active zone isoforms of RIM and ELKS in cultured hippocampal neurons. This led to loss of Munc13, Bassoon, Piccolo, RIM-BP, and Ca V 2.1 Ca 2+ channels. The overall synaptic assembly, including the postsynaptic densities, the size of the synaptic vesicle cluster, and the levels of SNARE proteins, remained unaffected. However, we observed a near-complete loss of vesicle docking, and release probability was strongly decreased. Surprisingly, a pool of fusion competent vesicles, released as spontaneous miniature events or during stimulation with action potential trains or hypertonic sucrose, persisted upon strong disruption of the active zone and vesicle docking.
RESULTS
Genetic Disruption of the Presynaptic Active Zone
We generated mice to simultaneously and conditionally remove all presynaptic RIM and ELKS proteins. We targeted RIM and ELKS proteins because they are expressed at all synapses and they interact with all major active zone proteins ( Figure 1A ). We crossed conditional knockout mice for presynaptic RIM proteins (Kaeser et al., 2008 , encoded by the genes Rims1 and Rims2, to conditional knockout mice for both genes encoding ELKS proteins (Kaeser et al., 2009; Liu et al., 2014) , Erc1 and Erc2, to generate quadruple conditional knockout mice (Figure S1A ). All analyses were done in primary hippocampal neurons from these mice or the double conditional knockout mice for either RIM or ELKS proteins. Lentivirus expressing cre recombinase or an inactive mutant of cre in neurons (Liu et al., 2014) Figures 1B, 1C , S1B, S1C, and S1G) and quantitative western blotting using fluorescent secondary antibodies ( Figures 1D and 1E and Tables S1A and S1B; tables displaying mean ± SEM, p values, statistical tests, and number of biological repeats are included for all data in the Supplemental Information). In immunostaining, 22% of RIM and 23% of ELKS signal remained upon knockout of these proteins (gray dotted line, Figure 1C ) despite much stronger reductions in western blotting ( Figure 1E ), establishing that this signal is non-specific (see Figure S1D for background from secondary antibodies (B and C) Sample images (B) and quantitation (C) of protein levels at RIM and ELKS knockout (cKO R+E ) and control (control R+E ) synapses using confocal microscopy. The synaptic vesicle marker Synaptophysin-1 (Syp-1) was used to define the region of interest (ROI). The black dotted line indicates control levels and the gray dotted line non-specific staining as assessed for RIM. Example images for RIM-BP2, Piccolo, Liprin-a2, Liprin-a3, SNAP-25, and quantitation of puncta number and size are in Figure S1 (control R+E n = 3 independent cultures, cKO R+E n = 3, 10 images per culture).
(D and E) Quantitative western blotting for presynaptic proteins using fluorescent secondary antibodies. Some cultures were fractionated into pellet and supernatant (sup.) using Triton X-100 solubilization and ultracentrifugation. Quantitation (E) of total protein levels in cKO R+E neurons normalized to protein levels in control R+E neurons are shown. Black and gray dotted lines as in (C). For detailed analyses of protein solubility and protein levels in each fraction, see Table S1B (control R+E n = 6 independent cultures, cKO R+E n = 6, except for Bassoon where n = 3 for both conditions, Syb-2, synaptobrevin/VAMP-2).
(F and G) Sample images (F) and quantitation (G) of the fraction of Bassoon puncta containing Munc13-1 or RIM-BP2. The fraction of Bassoon pixels and the fraction of Syp-1 puncta containing Munc13-1 or RIM-BP2 are in Figure S1 (control R+E n = 6 independent cultures, cKO R+E n = 6, 10 images per culture).
All data are means ± SEM; *p % 0.05, **p % 0.01, ***p % 0.001 as determined by Student's t test. All numerical data are in Table S1 .
only). Genetic removal of RIM and ELKS led to a very strong reduction of interacting active zone proteins. Munc13-1 was eliminated from synaptic puncta in an extent similar to RIM and ELKS, and synaptic Bassoon and Piccolo were reduced nearly as strongly ( Figures 1B and 1C) , whereas the total protein levels of Munc13-1 and Bassoon were reduced by 80% ( Figures 1D  and 1E ). Synaptic and total RIM-BP2 was reduced by 31% and 42%, respectively ( Figures 1C-1E and S1B), and synaptic Ca V 2.1 Ca 2+ channel levels were reduced by 29% ( Figures 1B   and 1C ). Because synaptic Munc13-1 levels ( Figure 1C ) were more strongly reduced than total Munc13-1 levels ( Figure 1E ), we tested whether the remaining Munc13-1 was clustered at synapses. The Munc13-1 protein that was left in the cKO R+E neurons was insoluble as measured in a fractionation experiment of the cultured neurons ( Figure 1D and Table S1B ). Furthermore, when we evaluated whether the remaining Munc13 clusters colocalized with the remaining Bassoon (Figures 1G and S1F) or with synaptic vesicles ( Figure S1E ), we found that many Bassoon puncta and synapses did not contain Munc13-1, whereas the remaining RIM-BP2 co-localized well with the same markers ( Figures 1G, S1E , and S1F). This is the most extensive genetic disruption of the vertebrate active zone protein complex to date with a near-complete loss of most of the vital components. Somewhat surprisingly, synapse number and size were unchanged ( Figure S1C ), and the levels and localization of SNARE proteins and synaptic vesicle markers (Syntaxin-1, SNAP-25, Synaptobrevin-2/VAMP-2, and Synaptophysin-1) were not affected ( Figures 1B-1E and S1B).
At invertebrate synapses, Liprin-a controls presynaptic assembly upstream of ELKS and RIM (Dai et al., 2006; Kaufmann et al., 2002; Patel et al., 2006; Zhen and Jin, 1999) . Vertebrates express Liprin-a proteins from four genes (Zü rner and Schoch, 2009) . Although it is not well understood which Liprin-a isoforms localize to the active zone, and post-and extra-synaptic localization have also been observed, Liprin-a2 and Liprin-a3 are likely the prominent synaptic Liprin-a isoforms (Spangler et al., 2011; Wyszynski et al., 2002; Zü rner et al., 2011) . In cKO R+E neurons, Liprin-a2 and Liprin-a3 localization ( Figure 1C ), Liprin-a3 levels ( Figure 1E ), and biochemical solubility (Table S1B) were unaffected. Notably, Liprin-a2 and Liprin-a3 antibodies reveal relatively widespread labeling ( Figure S1B ) compatible with additional roles for Liprin-a outside active zones (Miller et al., 2005) . In summary, simultaneous deletion of RIM and ELKS reveals strong, redundant, and active zone-specific scaffolding functions for these proteins that were not detected when a single protein family was deleted.
Loss of Synaptic Vesicle Docking but Normal Postsynaptic Assembly upon Active Zone Disruption
To characterize effects on presynaptic and postsynaptic structure, we fixed cultures by high-pressure freezing and analyzed them using transmission electron microscopy. In agreement with the immunostainings, cKO R+E synapses had normal bouton size and synaptic vesicle numbers (Figures 2A and 2B) . At cKO R+E synapses, we observed a massive 92% reduction of docked vesicles ( Figure 2B ). We repeated this analysis in glutaraldehyde-fixed tissue (Figures S2A-S2C) and saw a similarly robust 85% reduction of docked vesicles. This effect was much stronger than loss of RIMs alone, as assessed with glutaraldehyde-fixed tissue . Furthermore, in cKO R+E neurons, we observe a 79% loss of vesicles within 100 nm of the target membrane (which we refer to as tethered vesicles) using high-pressure frozen tissue ( Figure 2C ) and a similar reduction using glutaraldehyde-fixed tissue ( Figure S2C ). Knockout mutations for Munc13 and the SNAREs SNAP-25 and Syntaxin-1 do not have a reduced number of docked vesicles using glutaraldehyde-fixed tissue or a reduction in tethered vesicles, but only the use of high-pressure freezing and/or tomography reveals their functions in tight vesicle docking (Augustin et al., 1999; Bronk et al., 2007; Imig et al., 2014; Siksou et al., 2009; de Wit et al., 2006) . Thus, because the cKO R+E docking deficit is easily detected in glutaraldehyde-fixed tissue and extends to distances up to 100 nm away from the target membrane, we conclude that these neurons have a very strong deficit in docking and tethering synaptic vesicles to the presynaptic plasma membrane, establishing a requirement for the active zone for these processes. Because the active zone protein complex interacts through transsynaptic protein complexes with the PSD (Sü dhof, 2012), it is possible that a strong disruption of the active zone affects the integrity of the PSD. In cKO R+E neurons, the length of the postsynaptic density was not affected (Figures 2B and S2B) , and levels and localization of PSD-95, N-methyl-D-aspartate (NMDA) receptors, and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors were not changed ( Figures  2D-2G ). Thus, we conclude that structural effects of RIM and ELKS deletion are largely restricted to the active zone.
Active Zone Disruption Leads to Strong Reductions in Release Probability and Presynaptic Ca 2+ Influx Given that individual active zone proteins, such as RIM and Munc13, are essential for generating an RRP and for the Ca 2+ -mediated release of this pool (Augustin et al., 1999; Deng et al., 2011; Han et al., 2011; Kaeser et al., 2011; Varoqueaux et al., 2002) , we hypothesized that massive disruption of the active zone in cKO R+E synapses leads to loss of neurotransmitter release. We monitored synaptic transmission electrophysiologically in cultured neurons and found that single action potentialevoked excitatory or inhibitory postsynaptic currents (EPSCs or IPSCs, respectively) were strongly reduced (by 90% and 81%, respectively) but not abolished ( Figures 3A, 3B , 3E, and 3F). The rise time of the synaptic response was slowed ( Figures  3C, 3D , 3G, and 3H), and the variability in amplitude and rise time was strongly increased, suggesting increased asynchrony in cKO R+E synapses.
We next stimulated the synapses with pairs of stimuli at closely spaced time intervals and calculated the paired-pulse ratios (PPRs). PPRs are inversely correlated with initial P (Zucker and Regehr, 2002) and can be used as a relative measure of P when comparing genotypes. Consistent with a strong reduction in P, PPR was strongly increased at short interstimulus intervals at excitatory (Figures 3I and 3J) and inhibitory synapses (Figures 3K and 3L) . This is reminiscent of the decrease in release probability observed in RIM knockout synapses (Kaeser et al., 2008 Schoch et al., 2002) , which is caused by reduced tethering of presynaptic Ca 2+ channels .
To test whether Ca 2+ influx is reduced upon disruption of the active zone, we imaged single action potential-evoked presynaptic Ca 2+ transients ( Figures 4A-4C ). Briefly, individual neurons were patched and filled with an Alexa 594 dye to identify the axon and the presynaptic boutons and with the Ca 2+ indicator Fluo-5F that increases fluorescence upon Ca 2+ binding ( Figure 4A ). After dye filling, a brief somatic current injection was used to induce a single action potential, and Ca 2+ transients were recorded in individual boutons and secondary dendrites ( Figure 4B ). We found a 44% reduction in the peak amplitude of the Ca 2+ influx in boutons, but dendritic Ca 2+ transients remained unaffected (Figure 4C) . These data match well with the observation of a loss of Ca V 2.1 Ca 2+ channels ( Figure 1C) , with the strong reduction in vesicular release probability ( Figures 3I-3L ) and with the previously described roles for RIM and ELKS proteins in enhancing presynaptic Ca 2+ influx in hippocampal neurons Liu et al., 2014) .
Persistence of Release upon Active Zone Disruption
We next stimulated the cKO R+E neurons with short action potential trains (50 stimuli at 10 Hz). Surprisingly, we detected a strong buildup of release at excitatory cKO R+E synapses starting with the second action potential, and the increase was sustained throughout the action potential train (Figures 5A, 5B, and S3A). Similarly, vesicles were released quite efficiently throughout an action potential train at inhibitory synapses (Figures 5E, 5F, and S3C). When we quantified the synchronous charge component throughout the train, we observed a reduction of 50% at excitatory cKO R+E synapses ( Figure 5C ) and of 62% at inhibitory synapses ( Figure 5G ). The total charge, the tonic component during the train, and delayed charge starting 100 ms after For an identical analysis using glutaraldehyde-fixed tissue, see Figure S2 (control R+E n = 50 synapses, cKO R+E n = 50).
(C) Distribution of synaptic vesicles relative to the presynaptic plasma membrane area opposed to the PSD. Vesicle distribution is shown in 100 nm bins (left) in cKO R+E and control R+E synapses. Gaussian fits were used to model the vesicle distribution. The two genotypes were significantly different and could not be fit with a single distribution, requiring individual fits. Distribution of synaptic vesicles within the first 100 nm in 10 nm bins and the number of tethered vesicles (defined as vesicles within 100 nm of the presynaptic plasma membrane) are shown in the middle and on the right, respectively (control R+E n = 50 synapses, cKO R+E n = 50).
(D and E) Sample images (D) and quantification (E) of PSD protein synaptic fluorescence levels at cKO R+E and control R+E synapses using confocal microscopy as described in Figures 1B and 1C . The black dotted line indicates control levels (control R+E n = 3 independent cultures, cKO R+E n = 3, 10 images per culture).
(F and G) Quantitative western blotting for PSD proteins using fluorescent secondary antibodies. Sample images (F) and quantification (G) of total protein levels in cKO R+E neurons normalized to protein levels in control R+E neurons (black dotted line) are shown (control R+E n = 3 independent cultures, cKO R+E n = 3).
All data are means ± SEM; ***p % 0.001 as determined by Student's t test (B) or *p < 0.05 by extra sum of squares F test (C). All numerical data are in Table S2. stimulation ended were affected to a similar extent ( Figures S3B  and S3D ). The steady-state amplitude at the end of the train was reduced by 41% and 33% for EPSCs and IPSCs, respectively ( Figures 5D and 5H) . Thus, despite loss of docked vesicles, disruption of the active zone, and a strong impairment of single action potential-induced release, release persisted during trains of action potentials. This finding is consistent with a strong reduction in P but suggests that an increase in P due to Ca 2+ buildup during the stimulus train releases synaptic vesicles quite efficiently. This is reminiscent of a similar electrophysiological phenotype upon deletion of RIM-BP in D. melanogaster ] ex , vesicles can be quite efficiently released. Because release is proportional to the product of RRP size and P, these data suggest that RRP vesicles remain in cKO R+E neurons despite the loss of RIM, Munc13, and vesicle docking. We next assessed the frequency and amplitude of miniature excitatory and inhibitory PSCs in the presence of tetrodotoxin (mEPSCs, mIPSCs, Figures 5L-5N and S3E-S3I) in cKO R+E synapses and compared these data with synapses that either lack only RIM (cKO R ) or only ELKS (cKO E ). Simultaneous removal of RIM and ELKS led to surprisingly mild 47% and 49% reductions in mEPSC ( Figure 5M ) and mIPSC ( Figure S3H ) frequencies, respectively. The effect on spontaneous release after disruption of the active zone in cKO R+E synapses was comparable to the deletion of ELKS alone and was milder than the reduction upon loss of RIM (78%, Figures 5M and S3F Table S3 . Varoqueaux et al., 2002) alone. Consistent with the normal architecture of the PSD (Figures 2 and S2 ), mini amplitudes were not affected. Direct comparison of the miniature frequencies in the three lines confirmed a statistically significantly stronger reduction of mini frequency in the synapses that lack only RIM compared to the synapses in which the entire active zone is disrupted ( Figure S3F ).
Uniform Disruption of Synaptic Composition and
Release in cKO R+E Neurons Thus far, our data reveal a strong reduction in release probability at cKO R+E synapses and show that mini release and release in response to stimulus trains are more mildly impaired than one would predict from the strong structural disruption of the active zone. This suggests that fusion competent vesicles are present despite loss of Munc13, RIM, and vesicle docking. An alternative explanation is that only a subset of synapses is affected in cKO R+E neurons and that a population of near normal synapses confounds our analysis. Such heterogeneity could be due to the presence of different neuronal subtypes in our cultures and could arise at the molecular or functional level. We first excluded that the heterogeneity is derived from a population of cells that does not express cre recombinase. Consistent with the analysis of protein levels ( Figure 1E ), all cells expressed cre ( Figures S4A  and S4B ). We then tested whether the active zone components of synapses showed a distribution consistent with heterogeneity. We plotted the data presented in Figures 1B, 1C , S1B, and S1G as a frequency distribution of the fluorescence intensity. Peaks for Munc13, Bassoon ( Figure 6A ), Piccolo, and RIM-BP (Figure S4C ) shifted uniformly to lower intensities. These data argue against strong molecular heterogeneity upon active zone disruption. We next turned to presynaptic imaging in cultures expressing SypHy (Granseth et al., 2006) , a version of synaptophysin coupled to an intravesicular pHluorin tag ( Figures 6B-6H and S4D-S4F). In brief, neuronal cultures were infected with two independent lentiviruses expressing SypHy (for imaging exocytosis) and SV2-TdTomato (to identify synapse-rich areas in the cultures) at DIV3 in addition to the cre and control lentiviruses (which were supplied at DIV5). At DIV15-DIV18, a synapsedense area was chosen based on SV2-TdTomato expression, and the neurons were stimulated with a focal stimulation electrode for 40 or 200 action potentials at 20 Hz. In this experiment, exocytosis is identified as an increase in fluorescence due to unquenching of the pHluorin when it is exposed to the neutral extracellular pH. For the analysis, only puncta that showed at least a 2-fold increase in fluorescence upon application of NH 4 Cl (which uniformly raised the intravesiclular pH to unquench pHluorin fluorescence) were included. We first determined the fraction of synapses responsive to 40 or 200 stimuli and observed a small but significant decrease in active synapses in the cKO R+E neurons ( Figure S4F ). We next characterized release at active synapses in both genotypes and found a 67% and 68% decrease in the peak response at the end of stimulation at 40 or 200 action potentials, respectively ( Figures 6B-6H dendrites/16 cells/3 independent cultures, cKO R+E n = 100/13/3). All numerical data are in Table S4 . establishes that the pool of recycling vesicles, which contributes strongly to the response to 200 action potentials, is reduced in the cKO R+E synapses. These experiments exclude that a large fraction of synapses has normal active zones and operates at essentially normal levels.
Comparison of Docking and RRP Size upon Active Zone Disruption Our data thus far suggest that there may be a sizable RRP left in cKO R+E synapses even though such a pool is thought to be reflected in docked vesicles at hippocampal synapses (Imig et al., 2014; Rosenmund and Stevens, 1996; Schikorski and Stevens, 2001 ). We measured the RRP at excitatory synapses using the application of 500 mM hypertonic sucrose and compared the RRP with vesicle docking and distribution at cKO R , cKO E , and cKO R+E synapses (Figure 7 ). RIM deletion resulted in a 46% reduction in docked synaptic vesicles paralleled by a 75% reduction in the RRP, but the distribution of vesicles within a nerve terminal was normal ( Figures 7A-7D , S5A, and S5B).
Removal of ELKS alone did not result in a detectable effect on vesicle docking or vesicle distribution (albeit there was a nonsignificant trend toward a small reduction in docked vesicles) but induced a 34% reduction in RRP at excitatory synapses (Figures 7E -7H, S5C, and S5D). At cKO R+E synapses, the RRP was more mildly affected ( Figures 7I-7L ) than one would predict from the effects observed in cKO R or cKO E synapses, from the loss of docking, and from the massive reduction in RIM, Munc13, and other active zone proteins (Figure 1 ). 42% of RRP vesicles remained despite the strong reduction in vesicle docking (92% in high-pressure frozen tissue, Figure 2B ; 89% in glutaraldehydefixed tissue, Figure 7J ). Direct comparison of the three genotypes revealed a significantly stronger loss of docking in cKO R+E synapses compared to cKO R synapses. Conversely, RRP was more strongly reduced in cKO R synapses than in cKO R+E or cKO E synapses ( Figures S5G and S5H ). These data suggest that at least some RRP vesicles can be recruited over distance and do not have to be stably docked at the active zone before the application of hypertonic stimulus.
DISCUSSION
We here establish a conditional mouse mutant that strongly and specifically disrupts the active zone matrix and synaptic vesicle docking in cultured hippocampal neurons (Figures 1 and 2) . We find that disruption of the active zone results in a strong impairment of vesicular release probability, but surprisingly, >40% of RRP vesicles remained (Figures 3, 4 , 5, 6, and 7).
Redundant Scaffolding Functions of RIM and ELKS
The multi-domain structure of RIM and ELKS and their extensive biochemical binding activities with other active zone proteins suggested that they operate as scaffolds (Ohtsuka et al., 2002; Schoch et al., 2002; Takao-Rikitsu et al., 2004; Wang et al., 2002) . However, loss-of-function approaches thus far provided mixed support for this hypothesis. Knockout mutants for ELKS1 and/or ELKS2 showed no changes in active zone composition at hippocampal synapses (Held et al., 2016; Liu et al., 2014) except for a small increase in the biochemical solubility of RIM (Kaeser et al., 2009) . Similarly, RIM1 and/or RIM2 knockout mice revealed isolated changes in the clustering and levels of Munc13-1 Schoch et al., 2002) . Beyond these changes in individual active zone proteins, however, the active zone protein complex was intact. Here, we reveal a strong, redundant scaffolding role for RIM and ELKS: simultaneous removal leads to disruption of the active zone with a loss of three out of four additional active zone protein families. Our morphological and functional analyses further strongly support redundant scaffolding roles for RIM and ELKS that are similar at excitatory and inhibitory synapses. Thus, we establish an important presynaptic scaffolding role for RIM and ELKS that is shared across synapses and that tethers Piccolo, Bassoon, Munc13-1, and RIM-BP2. Because these proteins cannot be anchored and maintained at normal levels at mutant synapses, RIM and ELKS are necessary and thus upstream for their tethering to the active zone. Interestingly, levels and localization of Liprin-a2 and Liprin-a3, the two Liprin-a isoforms that are strongly expressed in brain and are thought to be localized at the active zone (Spangler et al., 2011; Zü rner and Schoch, 2009; Zü rner et al., 2011) , are not affected in our mutants. This suggests that Liprin-a2/3 are either upstream in active zone assembly and can be tethered independent of RIM and ELKS or that Liprin-a2/3 are not part of the same protein complex. Genetic experiments have firmly established presynaptic roles for Liprin-a/syd-2 in synapse assembly in C. elegans and D. melanogaster (Kaufmann et al., 2002; Zhen and Jin, 1999) . Although the localization of individual vertebrate Liprin-a proteins has not been conclusively solved and the available data support pre-, post-, or extra-synaptic localization of Liprin-a proteins (Spangler et al., 2011; Wyszynski et al., 2002; Zü rner et al., 2011) , a recent study employed knockdowns for Liprin-a2 and supported presynaptic scaffolding functions Table S5 . (Spangler et al., 2013) . In vitro binding of Liprin-a1 through Liprina4 to RIM and/or ELKS (Ko et al., 2003; Schoch et al., 2002) provides further support for a presynaptic scaffolding role. One possible explanation for these and our data is that Liprin-a is upstream of RIM and ELKS in vertebrate active zone assembly. Importantly, invertebrate Liprin-a/syd-2 mutant synapses also have reduced vesicle numbers in the nerve terminal (Kaufmann et al., 2002; Patel et al., 2006; Zhen and Jin, 1999) , suggesting that the active zone may recruit vesicles to a presynaptic nerve terminal. Our experiments at vertebrate synapses reveal that 1,405/9/3, the number of coverslips is used as a basis for statistics). All data are means ± SEM; *p % 0.05, **p % 0.01, ***p % 0.001 as determined by Student's t test. All numerical data are in Table S6 .
synaptic vesicle numbers are unchanged upon active zone disassembly, establishing that the active zone protein complex downstream of Liprin-a is not required for recruitment of vesicles to the nerve terminal. Our data are consistent with additional roles for Liprin-a outside of the active zone, for example, in trafficking of vesicles or active zone material, as has been shown for D. melanogaster Liprin-a (Miller et al., 2005) . Further genetic experiments will be necessary to dissect the roles of Liprin-a in the vertebrate brain. Recent studies support that synaptic and network activity contribute to active zone protein turnover (Lazarevic et al., 2011; Sugie et al., 2015; Weyhersmü ller et al., 2011) . It is thus possible that loss of synaptic activity in the cultured neurons contributes to the strong active zone disruption that we observe upon RIM/ELKS deletion. However, reduced activity is unlikely to play an important causative role for active zone disruption in our experiments because knockouts for only RIM or Munc13 (Varoqueaux et al., 2002) , which have similar or more severe reductions in activity, do not lead to strong active zone disruption. In the long-term, it will be important to test causes and effects of the active zone disruption that we describe here (legend continued on next page) in a system that allows manipulation and characterization of a specific synapse in a defined circuit to better understand how cell-type specificity and activity contribute to the phenotypes.
The Role of the Active Zone in Synaptic Vesicle Docking Because synaptic vesicles are only docked at the active zone (Couteaux and Pé cot-Dechavassine, 1970; Imig et al., 2014; Siksou et al., 2009; Sü dhof, 2012) , it has been proposed that the active zone provides the molecular mechanism for docking of synaptic vesicles to the target membrane. Consistent with this hypothesis, RIM1/2 double knockout synapses have an approximately 50% reduction in the number of docked vesicles in cultured hippocampal neurons in glutaraldehyde-fixed tissue . Importantly, using the same method, no other presynaptic protein, including Munc13 (Augustin et al., 1999; Varoqueaux et al., 2002) , synaptobrevin-2 (Deá k et al., 2004), SNAP-25 (Bronk et al., 2007) , or Ca
2+
-dependent activator protein for secretion (CAPS) (Jockusch et al., 2007) , has a role in synaptic vesicle docking. Compellingly, disruption of the active zone in the cKO R+E neurons leads to a near-complete loss of vesicle docking in glutaraldehyde-fixed tissue ( Figures S2B and 7J) . Recent experiments have used highpressure freezing and tomography, which improved the resolution in the analysis of docking to 2 nm. Using this method, it has been found that loss-of-function mutations for Munc13, CAPS, and the SNAREs syntaxin-1, synaptobrevin-2, and SNAP-25 have a strong reduction in synaptic vesicles within 0-5 nm of the target membrane but normal or increased vesicle numbers in bins at 10 and 20 nm away from the active zone (Imig et al., 2014; Siksou et al., 2009) . The reduction of docked vesicles at cKO R+E synapses is apparent with both fixation methods. With high-pressure freezing, the 92% reduction at cKO R+E synapses (Figures 2A-2C ) is similar to Munc13 null mutants, which have a 96% reduction in docked vesicles when using the same method combined with electron tomography (Table 1 in Imig et al., 2014) . Furthermore, unlike Munc13-deficient synapses, cKO R+E synapses fail to accumulate vesicles 10-20 nm away from the target membrane but show a 79% reduction in numbers of tethered vesicles within 100 nm of the target membrane. Thus, we conclude that the loss of docking and tethering of synaptic vesicles in the cKO R+E mutant is stronger than in previous mutants because the loss of docking is readily detected in glutaraldehyde-fixed tissue and there is a shift of the entire vesicle cluster away from the target membrane that has not been seen in other mutants. We conclude that the active zone is required for synaptic vesicle docking and tethering.
The Relationship between Synaptic Vesicle Docking, Priming, and Release The strong decrease in single action potential-mediated release (Figure 3 ) corresponds well with the loss of vesicle docking (Figure 2 ) and is consistent with the hypothesis that single action potentials release docked vesicles (Rosenmund and Stevens, 1996) . Release from a single synapse is proportional to the RRP size and P (Zucker and Regehr, 2002) . Our analysis revealed a strong reduction in P upon disruption of the active zone ( Figures 3I-3L , 4, and 5I-5K (Augustin et al., 1999; Deng et al., 2011; Rosenmund and Stevens, 1996; Varoqueaux et al., 2002) or during brief trains of action potentials (Schikorski and Stevens, 2001) , and RRP size estimates determined by these methods are well correlated with the number of morphologically docked vesicles. Using hypertonic sucrose in cKO R+E neurons, 42% of the RRP remained ( Figure 7L ), which is significantly larger than the RRP left after deletion of RIM ( Figure S5H ) or Munc13 (Augustin et al., 1999; Varoqueaux et al., 2002) despite the more severe docking deficit at cKO R+E synapses. This challenges the notion that the priming functions of these proteins are identical to their functions in vesicle docking. Furthermore, spontaneous miniature release ( Figures 5L-5N and S3G-S3I) and release during action potential trains ( Figures 5A-5H and 6C-6H) are also more mildly reduced than expected. Due to the strong reduction in P at cKO R+E synapses, it was not possible to measure RRP size using high-frequency action potential stimulation (Thanawala and Regehr, 2016) . Nevertheless, these data reveal that fusion competent vesicles can be recruited over distance and do not require a persistently docked state. RRP vesicles may therefore be stored away from the presynaptic plasma membrane, at least in the absence of an active zone, as has been proposed based on experiments that labeled RRP vesicles after recycling (Rizzoli and Betz, 2004) . It is possible that hypertonic sucrose stimulation leads to a transient increase in vesicle docking that is not captured in our electron microscopic images. This may also be the case for For analyses of vesicle numbers, bouton size, PSD length, and vesicle distribution, see Figures S5A-S5F. All data are means ± SEM; *p % 0.05, **p % 0.01, ***p % 0.001 as determined by Student's t test (analysis of vesicle docking and tethering: control R n = 25 synapses, cKO R n = 25; control E n = 25, cKO E n = 25; control R+E n = 25, cKO R+E n = 25; analysis of RRP: control R n = 20 cells/3 independent cultures, cKO R n = 20/3; control E n = 17/3, cKO E n = 17/3; control R+E n = 20/3, cKO R+E n = 20/3). All numerical data are in Table S7 .
(M) Schematic of synaptic architecture and function upon disruption of the active zone. Structures and processes that are strongly disrupted upon RIM and ELKS deletion are labeled in yellow (active zone, tethering and docking of synaptic vesicles, single action potential-mediated release). Synaptic structures and functions that remain fully or partially intact are labeled in green (the size of the synaptic vesicle cluster, the postsynaptic density containing neurotransmitter receptors, mini release, and release in response RRP-depleting stimuli such as action potential trains or hypertonic sucrose). Our experiments indicate that at least some vesicles can be recruited from vesicle pools distant from the presynaptic plasma membrane for release and that these vesicles may be released immediately or undergo a transient docking state (dotted arrow) that is initiated after the onset of stimulation. A long-standing question has been whether the partial assembly of SNARE complexes is required for synaptic vesicle docking and priming (Jahn and Fasshauer, 2012; Sü dhof and Rothman, 2009) . Our experiments reveal that SNARE proteins are present in the nerve terminal upon disruption of the active zone and that synaptic vesicle fusion, which is mediated by SNARE proteins, is not abolished. However, SNARE proteins are not sufficient to drive docking at synapses in the absence of an active zone, suggesting that not all fusion competent vesicles require stable preassembly of SNARE complexes.
Finally, the molecular mechanisms that underlie docking upstream of SNARE complex assembly are poorly understood. With a gene mutation that disrupts docking but leaves synaptogenesis and the size of the presynaptic vesicle cluster intact, analysis of the minimal protein interactions between synaptic vesicles and release sites required for docking will now be possible.
EXPERIMENTAL PROCEDURES
The quadruple homozygote floxed mice for RIM1ab, RIM2abg, ELKS1a, and ELKS2a were generated by crossing single conditional knockout mice (Kaeser et al., 2008 (Kaeser et al., , 2009 Liu et al., 2014) . All experiments were performed in cultured hippocampal neurons infected at DIV5 with lentiviruses expressing cre recombinase or an inactive mutant of cre under a synapsin promoter, and experiments were performed at DIV15-DIV19. Biochemical, confocal, presynaptic Ca 2+ imaging, and electrophysiological analyses were performed as described Kaeser et al., 2008 Kaeser et al., , 2011 Liu et al., 2014) . Quantitative western blotting was performed using fluorescently tagged secondary antibodies. Electron microscopic analyses were performed on high-pressure frozen (Figure 2 ) or glutaraldehyde fixed (Figures 7, S2 , and S5) neurons. Electrophysiological recordings were done in whole-cell patch-clamp configuration, and action potentials were triggered by a focal stimulation electrode. For pHluorin imaging, the neurons were infected with lentiviruses expressing SypHy and SV2-TdTomato at DIV3 in addition to the cre and control lentiviruses supplied at DIV5. Experiments were performed and analyzed by an experimenter blind to the genotype and significance was determined using Student's t tests unless otherwise noted. Detailed descriptions of the methods are provided in the Supplemental Experimental Procedures. 
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